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Altered skeletal muscle ultrastructure in renal transplant patients on
prednisone. Treatment with glucocorticoids causes wasting of proximal
skeletal muscles. The purpose of the present investigation was to
quantify in the thigh muscle the areas of the different fiber types
determined by histochemical methods, and the muscle ultrastructure by
means of electron microscopy, in normal subjects (N = 41) and in renal
transplant patients treated with prednisone (N = 12). The cross—
sectional area of all three fiber types was reduced in renal transplant
patients treated with prednisone (10.6 4.3 mg/day), the fast glycolytic
fibers being most affected (slow oxidative fibers: 2642 625 vs. 3677
970 pm2, P < 0.001; fast oxidative fibers: 3275 735 vs. 4443 1343
pm2, P < 0.01; fast glycolytic fibers: 2305 802 vs. 3920 1522 /im2,
P < 0.001). This was mostly due to a decrease in the volume of
myofibrils per unit volume of muscle fiber (—30%). The intracellular
lipid content and the volume density of subsarcolemmal mitochondria
were increased by moi-e than 70% in prednisone treated patients. In
conclusion, the decreased myofibril areas might account for the muscle
weakness in renal transplant patients treated with prednisone, and the
decrease in myofibrils is in part functionally compensated by an
increase in subsarcolemmal mitochondria and intracellular lipid con-
tent.
The development of muscle weakness and atrophy is a well
known complication of therapy with exogenous glucocorticoids
and Cushing's disease [1, 2]. It is probably the most common
form of drug induced myopathy encountered in clinical practice
[31. We have recently shown that mid-thigh muscle area as-
sessed by computed tomography methods and thigh muscle
strength are concomitantly decreased in glucocorticoid—treated
renal transplant patients [4]. In animals, chronic glucocorticoid
treatment results in an atrophy affecting predominantly type II
B ("fast glycolytic") fibers, whereas type I ("slow oxidative")
fibers and type II A ("fast oxidative") fibers are said to he less
affected [5—8]. In man, an atrophy of type TI, and to a lesser
extent of type I, fibers has also been described in patients
treated with glucocorticoids [9, 101 and Cushing's disease [10].
Systematic quantitative analysis of the ultrastructure of skeletal
muscles so far are not available in patients treated with
glucocorticoids. Therefore, the purpose of the present investi-
gation was to quantify in the thigh muscle the fiber cross—
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sectional areas of the three fiber types by histochemical meth-
ods, and muscle ultrastructure by morphometry, in normal
subjects and in renal transplant patients treated with glucocor-
ticoids.
Methods
Patients and normal subjects
Twelve, clinically stable renal transplant patients (six
women, six men) were studied. The patients' characteristics
were: age 35 8 (SD) years, body height 165 10 cm, body
weight 63 10kg, and body mass index 23.1 0.7 kg/rn2. The
reasons for terminal renal insufficiency were: glomerulonephri•-
tis (seven patients), analgesic nephropathy (two), reflux ne-
phropathy (two) and polycystic kidney disease (one). Prior to
transplantation they had been on long—term dialysis for 3 to 158
months (median 16 months). Before renal transplantation, ten-
don reflexes of the lower extremity were normal and no sensory
loss of the legs was observed. All had been transplanted at least
eight months prior to the investigation (4.0 2.7 years). No
patients with aseptic necrosis of the femoral head or with joint
diseases of the lower extremities were included. All patients
were rehabilitated in that, after renal transplantation, they had
resumed their professional and private activities. Prednisone
was administered to all patients (actual dose 10.6 4.3 mg/day;
mean dose for the last three months before the investigation:
10.8 4.9 mg/day; mean dose for the last year: 11.7 5.2
mg/day). Plasma creatinine was 133 50 mmol/liter (1.5 0.6
mg%). Calcium concentrations in plasma and alkaline phospha-
tase were within the normal range. In addition the patients were
receiving azathioprine (11 patients), cyclosporine (one) and
various other drugs such as furosemide, calcium antagonists
and beta—adrenergic antagonist agents.
For comparison 41 individuals (32 men, nine women), admit-
ted to the orthopedic surgery department because of chronic
unilateral knee instability, were studied. None of them had any
clinical or routine laboratory evidence of renal disease and none
of them had been treated with sytemic or intraarticular gluco-
corticoids or with immunosuppressive drugs. Their character-
istics were: age 30 eight years, body height 174 7cm, body
weight 73 13 kg, and body mass index 24.1 2.1 kg/rn2. The
biopsy was taken from the vastus lateralis muscle of the healthy
unaffected leg prior to the operation.
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Fig. 1. EM of a mid-thigh biopsy at a magnification x 530. A normal subject is (A), A renal transplant patient treated with prednisone is (B). Note
the reduced fiber area (F) of the patient treated with prednisone. Symbol is capillaries.
All subjects gave informed consent. The protocol was ap-
proved by the Committee on Human Research at our Institu-
tions.
Muscle biopsy and fixation
The biopsy was taken from yastus lateralis muscle at mid-
thigh level using the teehinque of Bergstrom [11]. A large
fraction of the muscle tissue sample taken from each subject
was immediately frozen in isopentane, cooled in liquid nitrogen,
and processed for histochemistry [12, 131. The remainder of the
muscle tissue samples were processed for electron microscopy
by fixation in a 6.25% solution of glutaraldehyde as previously
described [14].
Histochemical analysis
Serial transverse sections (10 m) were cut from biopsies at
—30°C on a cryostat microtome and placed on glass slides for
histochemistry as described previously [12, 131. Histochemistry
consisted of assaying for myofibrillar actomyosin ATPase ac-
tivity following an acid and alkaline preincubations (pH 4.40;
4.60; 4.67 and 10.4). All sections were incubated for 20 minutes
in a medium containing 40 mmol glycinc, 20 mmol CaCI2 and 5
mmol AlP (pH 9.4). The fibers were classified into fiber types
I, II A, II B according to Brooke and Kaiser [12]. On average,
583 242 fibers were counted from each biopsy. Fiber typing
was done by a person unaware of the identity of the muscle
sample. Fiber type distribution was estimated at a final magni-
fication of x 200 and with a A 100 grid (100 test points) using
standard sterological procedures [15]. On each slide, sampling
for histochemistry was done systematically with a random
starting point (rnicrographs not overlapping).
Electron microscopy (EM) and morphometry
Two randomly—chosen blocks from each biopsy were used
for the sterological analysis. The orientation of the sections was
transverse with regard to muscle fiber axis (Fig. 1). Eight
micrographs per block and hence 16 micrographs per biopsy
were taken in consecutive frames of slotted grids (type R 100 A,
Vecocompany, Holland), yielding more than 100 muscle fiber
profiles for analysis in each biopsy. Capillary number, fiber
number and fiber cross—sectional area were estimated at a final
magnification of x 1500 as previously described [16, Fig. 11. A
final magnification of X 24,000 was used for estimation of
volumes of mitochondria, intracellular lipids and myofibrils per
volume of muscle fibers (Fig. 2). Twenty rnicrographs per block
and hence 40 micrographs per biopsy were taken with a
systematic sampling procedure in consecutive frames of 200-
square mesh grids. Contact prints of the 35 mm films were
projected on a screen fitted with quadratic line grids. Point
counting was performed with an A 100 grid (100 test points) for
the low magnification and with a B 36 grid (144 test points) for
the high magnification [141. Parameter estimates were obtained
according to standard sterological procedures [15]. Since most
of the histochemical sections were cut fairly oblique, fiber areas
of individual fiber types Ia (f, histo)] were calculated as:
—
.
— Vv (histo)
a (f, histo) = a (f, EM) ; units: m2
NN (hsto)
where a (f, EM) is the average fiber cross—sectional area
obtained through EM-morphometry, and V (histo) and NN
(histo) arc the volume and numerical densities of muscle fiber
types obtained from histochemistry, respectively, a (f, histo) is
I 
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Fig. 2. EM of a midt high biopsy at a magnification x 17120 of a nor,nal subject (A) and of a renal transplant patient treated with prednisone (B).
Note the increased intraceflular lipid content (L) and the accumulation of subsarcolemmal mitochondria (M) in the patient treated with prednisone
(B). Abbreviation (G) is Glycogens.
an unbiased estimate of the fiber cross—sectional area of any of
the three fiber types, as both Vj (histo) and NN (histo) are not
dependent on sectioning angle.
Statistical analysis
The sterological study was designed to yield the estimated
mean of volume of mitochondria with a standard error of
approximately 10% [171. Comparisons were done using the
unpaired Student's (-test.
Results
Histochemical inorphometry of fiber areas
All three fiber types showed lower mean fiber areas by more
than 25% in renal transplant patients treated with prednisone as
compared to normal subjects (Table 1). The reduction in fiber
area was more pronounced in type II B fibers than in type I and
type II A fibers, This is also shown by the fact that the ratio of
1/Il A areas was not different between patients and normal
subjects, whereas the ratios of I/IT B and II A/Il B areas were
significantly higher in patients treated with prednisone than in
normal subjects (Table 1).
Ultrastructural morphometry
Fiber cross—sectional area and dia,neter. Mean fiber cross
sectional area was reduced by more than 27% in renal trans-
plant patients (Table 2). Consequently, fiber diameters were
decreased and fiber number/mm2 was higher by 34% in predni-
sone treated renal transplant patients, when compared with
normal subjects (Table 2),
Table 1. Fiber areas of vastus lateralis muscle in normal subjects and
in renal transplant patients treated with prednisone
Normal
subjects
Patients treated
with prednisone P
Fiber areas
Type 1, im
Type 11 A, pm2
Type II B, m2
3677 970
4443 1343
3920 1522
2642 625
3275 735
2305 802
< 0.001
< 0.01
< 0.001
Ratio of fiber areas
I/TI A 0.85 0.18 0.82 0.13 NS
1/11 B 1.00 0.27 1.27 0.50 < 0.02
11 A/lI B 1.17 0.19 1.56 0.55 < 0.001
All values are given as mean SD.
Volume density of intracellular ultrastructures (Table 2).
Mean volume of subsarcolemmal mitochondria was higher by
more than 90% in patients, whereas volume density of interfi-
brillar mitochondria remained unchanged. As subsarcolemmal
mitochondria only represent 10% of the total mitochondria in
controls, the large change in subsarcolemmal mitochondria did
not affect the total mitochondrial volume to a significant degree.
The volume fraction of intracellular lipid deposits was signifi-
cantly increased by 70% and the volume fraction of residual
sarcoplasmatic components (glycogen, sarcoplasmatic reticu-
lum, Golgi apparatus, nucleus) by 19%. The latter increase was
mainly due to an increase in glycogen in prednisone treated
patients. Without morphometric methods, this difference can
hardly be visualized in Fig. 2 because the difference in volume
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Table 2. Electron microscopy morphometry of vastus lateralis
muscle in normal subjects and prednisone treated renal transplant
patients
Patients
Normal
treated with
prednisone
subjects P
Fiber
cross sectional area, jun2 3932 1018 2871 623 < 0.002
diameter, j,m 70.2 8.9 60.1 6.5 < 0.001
number/mm2 271 69 364 78 <0.001
Volume density of
intracellular structure
4.13 0.87 4.45 1.31 NSmitochondria, total
mitochondria, interfibrillar 3.68 0.72 3.61 0.96 NS
mitochondria, subsarcolemmal 0.44 0.27 0.84 0.51 < 0.001
intracellular lipids 0.46 0.37 0.79 0.50 < 0.05
myofibrils 82.3 2.3 78.9 3.4 < 0.001
residual structures 13.2 1.9 15.7 2.4 < 0.001
Capillary number
per fiber number 1.54 0.39 0.99 0.27 < 0.001
per fiber area, mm2 407 105 347 63 NS
All values given as mean SD.
density of the residual structures between patients and normal
subjects was only 2.5% (Table 2).
We found a significant decrease in the volume fraction of
myofibrils representing more than 80% of the total cell volume
in controls. The mean cross sectional area of myofibrils per
fiber area (mean volume density of myofibrils times mean fiber
cross sectional area, tm2) was lower in patients treated with
prednisonc than in the normal subjects (2254 438 m2 vs.
3234 847 m2, P < 0.001).
Capillaries
Mean capillary to fiber ratio was reduced in prednisone
treated patients by more than 30% compared with normal
subjects, while the ratio of capillary number to fiber area was
not different in the two populations investigated (Table 2).
Qualitative histological analysis f the biopsies
in renal transplant patients, no fiber group atrophy was
detected. in addition, typical histological myopathic signs (in.
creased number of central nuclei, myclin figures, autophagic
vacuoles, disrupted filaments and increased lipofuszin [l822])
were not observed in the biopsies from the patients treated with
prednisone.
Discussion
To our knowledge, the present investigation shows for the
first time quantitative morphometric data on skeletal muscle
ultrastructure in humans treated with glucocorticoids for pro-
longed periods of time. Renal transplant patients were chosen
as a patient population because their glucocorticoid treatment is
preventive in nature; they take prednisone to prevent a renal
transplant rejection. All other patient populations receive glu-
eocorticojds in order to treat an actual disease state. Therefore,
in these patient populations, the influence of prednisone on
muscle ultrastructure could be confounded by the underlying
disease.
The drawback of studying renal transplant patients on pred-
nisone is the preexisting renal failure. For the following four
reasons the changes in muscle structure in our patient popula-
tion were mostly due to glucocorticoid treatment rather than to
the anamnestic uremia. I) Our patients were successfully trans-
planted eight months to 105 months (median 35 months) prior to
the present investigation and their nutritional habits and phys-
ical activities had been normalized for a long time period. 2)
There are several reports about muscle histology in uremic
patients (18—22). In most of the histologically analyzed biopsies
from uremic patients, typical myopathic changes—not present
in our patients treated with prednisone—could be detected
(increased number of central nuclei of muscles fibers [18, 19, 21,
221, myelin figures [19, 20, 22], autophagic vacuoles [19],
disrupted filaments [18, 19, 22], and increased lipofuszin [18,
22]), 3) Group atrophy of muscle fibers suggesting neuropathy
was also described in uremie patients [21, 22], in our 12 renal
transplant patients treated with prednisonc, no such qualitative
neuropathic histological signs could be detected. 4) The total
muscle fiber content of mitoehondria in uremic patients was
reported to he more than 100% higher than in normal volunteers
[22]. Our patients treated with prednisone did not exhibit such
an uremia—associated, increased total mitochondria content of
the muscle fibers (Table 2), indicating that the muscle changes
observed in our patients were due to administration of glueo-
corticoids rather than to the anamnestic uremia.
The principal effect of glucocorticoids, which can be linked to
the basic action of glucocorticoids on muscle cells, appears to
be an inhibition of protein synthesis [23, 24]. This decreased
protein synthesis results in lowered mid-thigh muscle areas as
we have recently demonstrated by computed tomography meth-
ods [25]. The present study shows that glucocorticoid treatment
causes a lower volume of myofibrils per unit volume of muscle
fiber. Thus, the reduced mid-thigh muscle area, in combination
with the decreased volume density of myofibrils, can explain
the observed weakness of the thigh muscles in glueoeorticoid
treated patients [4, 25]. From the currently available data, it can
be calculated that the total loss of contractile proteins from
thigh musculature must be on the average 30% in pred-
nisone—treated, renal transplant patients as compared to normal
subjects.
Glucocorticoid treatment induces a mixed muscle fiber atro-
phy with a predominance of type Ii fibers in experimental
animals [5—8]. Recently, Khaleeli et al [91 reported in humans
that in addition, steroid myopathy might be associated with a
reduction in type 1 fiber size, These authors observed reduced
mean type 1 fiber areas in two out of three patients treated with
prednisone (7.5 to 10 mg/day). The present investigation con-
firms this finding in a larger patient population treated with
prednisone. Only in two out of seven patients with (endoge-
nous) Cushing's disease an atrophy of type I fibers has previ-
ously been reported [9, 10]. Thus, at the present time, one
cannot establish unambiguously in man whether the type I fiber
atrophy in patients treated with exogenous glucocorticoids is
due to the excess of glucocorticoids or to the underlying
disease. The concept that glucocorticoids directly cause a type
I fiber atrophy is supported by animal studies [6, 8]. Gardiner et
al observed an atrophy of type I fibers in cat quadriceps muscle
when animals were treated with glucocorticoids [6].
in our patient population treated with prednisone, the type II
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B fiber area was reduced to a greater extent than the areas of the
type II A or type I fibers. The increased sensitivity of type II B
fibers to glucocorticoid treatment has previously been demon-
strated in animals [6, 8], while in man only a diminished type II
fiber area without specifying which subtype was reduced, has
been reported in a total of nine patients treated with
glucocorticoids [9, 10, 26]. The basis of the selective suscepti-
bility of the fast twitch glycolytic type II B fibers in man is not
clear. Differences in glucocorticoid receptor content between
the different fiber subtypes seem not to be a valid explanation
[27, 28]. An alternative explanation might be that the influence
of glucocorticoids on the activity of some metabolic key en-
zymes might be different in the three fiber subtypes. The
metabolism of type II B fibers depends heavily upon glycolysis,
while type I and type II A have a greater oxidative capacity.
Kerppola showed that glucocorticoids inhibit the phosphory-
lase activity and increase glycogen content in muscles of rabbits
[29]. Thus, it is conceivable that the increased storage of
glycogen might indicate a decreased availability of glucose for
the anaerobic metabolism in type II B fibers.
In the 1960s, qualitative ultrastructural analyses of mito-
chondria have been performed in muscle cells of patients
treated with glucocorticoids. These analyses revealed numer-
ous alterations of mitochondria such as "enlargement", "ag-
gregation" or "vacuolation" [26, 30, 31]. In the present inves-
tigation we could not find any qualitative structural abnormal-
ities of mitochondria. Whether this discrepancy is explained by
patient selection or the techniques used for the sample prepa-
ration for the electron microscopy is unknown. In uremic
patients abnormal mitochondria were often observed [221. In
addition, in these patients total volume of mitochondria were
increased by more than 100% [22], whereas in our patient
population treated with prednisone, only the subsarcolemmal
fraction of mitochondria was increased (Table 2). This finding is
consistent with the increased subsarcolemmal mitochondria of
the quadriceps muscle observed by Walsh in hydrocortisone
treated rats [81 and by Engel in one patient treated with
prednisone [26]. Subsarcolemmal mitochondria are localized in
the periphery of muscle fibers. Teleologically this might be an
advantage due to their proximity to the capillary network.
There is evidence that following the administration of glucocor-
ticoids the glycolytic metabolism of skeletal muscle is impaired
(29), while the oxidative metabolism which occurs predomi-
nantly in the mitochondria is increased [32]. Thus, one might
speculate whether the increase in the subsarcolemmal mitochon-
dna represents an adaptive mechanism in prednisone treated
patients. Note that a similar increase in the content of
subsarcolemmal mitochondria has been observed by our group
in normal volunteers after an endurance training, which is
believed to enhance oxidative metabolism in muscle cells [161.
Treatment with glucocorticoids increases adipose tissue,
especially in the truncular region [33—35]. The present investi-
gation demonstrates that in addition, the intracellular lipid
content of muscle cells is increased in patients treated with
prednisone. Interestingly, a similarly increased intracellular
lipid content has been observed in muscle cells after endurance
training [16, 36]. From studies in normal volunteers it is known
that the higher intracellular lipid content is usually combined
with higher activities of enzymes involved in the /3-oxidation of
free fatty acids, and it was suggested that increased endurance
is partly explained by a more important utilization of lipids as a
substrate in energy metabolism [37]. In patients treated with
prednisonc, an increased utilization of lipids as an energy
source might be of importance in the light of their impaired
glycolytic metabolism. Shah et al [22] have observed an in-
crease in intracellular lipid content by more than 400% in
uremic patients. This increased intracellular lipid content was
explained by a loss of intramuscular carnitine while the patients
were on dialysis [201. Further studies are needed to establish
whether the increased intracellular lipid content in renal trans-
plant patients is due to the administration of exogenous gluco-
corticoids or to a preexisting uremic carnitine deficiency.
Interestingly, patients treated with prednisone for reasons other
than renal transplantation showed decreased muscle density
measured by computed tomography, suggesting an increased
muscular lipid content [35].
In conclusion, renal transplant patients treated with predni-
sone have a decreased average muscle fiber cross—sectional
area. Muscle fibers of type I and II A are less affected than
fibers of type II B. In addition, the volume density of myofibrils
is decreased. These combined findings might explain the de-
creased muscular strength in patients treated with prednisone.
Muscle cells from patients on prednisone show an increased
volume of subsarcolemmal mitochondria and an increased
intracellular lipid content when compared to muscle cells
obtained from normal untrained subjects. Such an increase in
lipid content and subsarcolemmal mitochondria volume is usu-
ally found in normal subjects after an endurance training. Thus,
it might be speculated that the usual daily physical activity in
the presence of the prednisone—induced, decreased functional
muscle mass causes an adaptive response in patients treated
with glucocorticoids which is similar to the one that is usually
observed in normal subjects after a strenuous endurance train-
ing program.
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